Cell hyperproliferation, inflammation, and angiogenesis are biological processes central to the pathogenesis of corneal disease, as well as other conditions including tumorigenesis and chronic inflammatory disorders. Due to the number of disease conditions that arise as a result of these abnormalities, identifying the molecular mechanisms underlying these processes is critical.
INTRODUCTION
Cell hyperproliferation, inflammation, and angiogenesis are biological processes known to play a central role in the pathogenesis of corneal disease, as well as several other conditions including tumorigenesis and chronic inflammatory disorders. These abnormalities often occur simultaneously and affect each other to promote disease progression. The development of corneal irregularities, such as thickening of the epithelial layer as well as stromal neovascularization and inflammation, compromises corneal transparency and results in blindness (reviewed in (CURSIEFEN 2007; NOTARA et al. 2010) ). In the case of tumor pathology, hyperproliferative tissue is provided a means of survival and metastasis by invading blood vessels signaled for growth by tumor tissue and its associated inflammatory cells (reviewed in (ALLAVENA et al. 2008) ). Conditions of chronic inflammation that exist in autoimmune disorders such as rheumatoid arthritis and inflammatory bowel disease can lead to tissue destruction (D'AURA SWANSON et al. 2009 ) and susceptibility to neoplastic growth (LEWIS et al. 1999 ). Due to the number of disease conditions that arise as a result of abnormal cell proliferation, inflammation, and angiogenesis, identifying the molecular mechanisms underlying these conditions is critical. Although much work has been done in an effort to understand the molecular underpinnings of each phenotype, it is not well understood if there is a primary molecular change that leads to the development of all of these abnormalities. Therefore, identification of a molecule responsible for driving the development of cell hyperproliferation, inflammation, as well as angiogenesis is important in understanding disease pathogenesis.
The cornea serves as a good model to study abnormalities such as changes in cell proliferation, inflammation, and the development of new blood vessels because these processes are tightly regulated in the normal cornea. A low, yet constant rate of basal cell proliferation 5 ensures the constant self-renewal of the corneal epithelium (LEHRER et al. 1998) . The cornea also lacks vasculature, a feature that is important to the maintenance of corneal transparency.
Due to the fact that strict signaling mechanisms are in place to maintain tissue integrity, any aberration in these processes can readily be detected and studied. Animal models with corneal epithelial defects and neovascularization could provide useful experimental systems for this purpose.
Corneal disease 1 (Dstn corn1 ) mice are homozygous for a spontaneous null allele of the destrin (Dstn) gene, which is also known as actin depolymerizing factor (ADF). These mice exhibit abnormalities in the cornea including epithelial cell hyperproliferation, accumulation of actin stress fibers in the epithelial cells, as well as inflammation and neovascularization in the stroma (IKEDA et al. 2003; SMITH et al. 1996) . Significant epithelial abnormalities are obvious at two weeks of age (SMITH et al. 1996) , which coincides with the onset of inflammation (VERDONI et al. 2008b ) and angiogenesis (CURSIEFEN et al. 2005) . Complete vascularization is present at 45 days of age and does not regress, even after one year of life (CURSIEFEN et al. 2005; SMITH et al. 1996) .
Our recent study involving the genome wide interrogation of differentially expressed genes in the cornea of Dstn corn1 mice revealed that over 1200 genes show changes in transcription, with a large portion of the upregulated genes being associated with cytoskeletal dynamics (VERDONI et al. 2008a) . Almost half of these genes were targets of the MADS domain containing transcription factor, serum response factor (SRF), an essential regulator of the actin cytoskeleton (MIANO et al. 2007) . Because of the large change in transcription in Dstn corn1 mice that was potentially SRF dependent, we hypothesized that overexpression of SRF may play a role in the development of the corneal pathology in Dstn corn1 mice.
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In this study, we report that the conditional ablation of Srf in the corneal epithelium of a diseased Dstn corn1 cornea results in the rescue of the epithelial cell hyperproliferation, inflammation, and neovascularization phenotypes, delineating an epithelial cell specific role for SRF in the development of all of these abnormalities. Due to the fact that SRF ablation rescues the corneal abnormalities caused by a loss of DSTN expression, this study demonstrates that
Dstn is genetically upstream of Srf. It also defines a new functional role for SRF, as the master regulator of a hyperproliferative, inflammatory condition accompanied by neovascularization, which is observed in an array of detrimental diseases. control mice, were treated with Dox from P28 to P58 to control for its known inhibitory effect on angiogenesis (FIFE et al. 2000) . Mice used in this study that were sacrificed at P28 were not treated with Dox.
MATERIALS AND METHODS

Mice
Analysis of F/G-actin ratio:
The ratio of F-actin and G-actin in the cornea was analyzed using an F-actin/G-actin in vivo assay kit (Cytoskeleton Inc., Denver, CO) based on the protocol described in (VERDONI et al. 2008a) . To measure the F/G-actin ratio, equal amounts of both the supernatant (G-actin) and the resuspended pellet (F-actin) for each genotype were subjected to immunoblot analysis on 10%Bis-Tris gels (Invitrogen, Carlsbad, CA) with the use of an actin antibody (1:500; Cytoskeleton Inc.). Fractionation was performed in triplicate for each genotype (total nine mice assayed/genotype). The F/G-actin ratio was determined by scanning densitometry using ImageJ software (http://rsb.info.nih.gov/ij).
Immunohistochemistry: For immunohistochemistry on frozen sections, tissues were prepared and immunohistochemistry performed as described in (VERDONI et al. 2008a 
Histological Quantification of Proliferating Cells, Inflammatory Cells, and Cell
Layers: Corneal frozen sections were stained for the proliferation marker Ki67, the panleukocyte marker CD45, and the nuclear marker DAPI. To assess the average number of cells per given length in the cornea, we quantified the number of cells in the entirety of the cornea and normalized it to a unit length of 300µm. For quantification of the cell layers in the corneal epithelium, the number of nuclei was measured basally to apically across the entirety of the corneal epithelium. In order to account for the focal nature of epithelial thickening in the Dstn corn/ corn1 cornea (SMITH et al. 1996) , the maximal and minimal numbers of nuclei (cell layers) were recorded for each section, although the area within 250µm from the limbus was not Quantification of the vascularized area of the cornea: Digital images of all corneal flat mounts were collected using the Spot Image Analysis System. Vascularized area and total corneal area were measured using ImageJ software with a method similar to that of (BOCK et al. 2008) . Filters were applied to subtract background, reduce noise, and enhance contrast. The total corneal area was outlined using the innermost vessel of the limbal arcade as the border, and the area of CD31-positive vessels within the cornea was then calculated and normalized to the total corneal area (expressed as the percentage of vascularized cornea) using thresholding analysis. Seven corneas, each derived from a different animal, were examined for P58 Dox (SMITH et al. 1996) , accumulation of filamentous actin (F-actin) in the epithelial cells (VERDONI et al. 2008a) , and the onset of inflammation (VERDONI et al. 2008b) and angiogenesis (CURSIEFEN et al. 2005) . We examined the time course of SRF expression in the cornea of Dstn corn1 mice. Immunohistochemistry showed SRF positive nuclei in Dstn corn1 cornea as early as P9 (Figure 1 ). SRF positive cells are found within the suprabasal thickened areas of epithelium that also showed an increased level of F-actin. P21 and P28 timepoints also
show SRF staining in Dstn corn1 epithelium, where thickening of the epithelial layer and F-actin accumulation increases with age. SRF expression is not detectable in WT cornea at any time point examined by immunohistochemistry (Figure 1 ). This result shows that increased SRF expression occurs simultaneously with the development of severe corneal abnormalities and SRF remains highly expressed during the transition from a mild to severe phenotype. control cornea, and an efficient ablation in Dstn corn1/corn1 /Srf ∆ce/∆ce cornea ( Figure 2C ).
Ablation of Srf in
Examination of the corneal surface revealed that SRF ablation in the corneal epithelium significantly altered the appearance of the Dstn corn1/corn1 cornea. Surface smoothness and transparency resembled that of a WT appearance, and stromal vasculature was significantly less obvious in Dox induced Dstn corn1/corn1 /Srf ∆ce/∆ce mice ( Figure 2D ). We sought to further investigate the changes that occurred in Dstn corn1/corn1 cornea due to SRF ablation. One apparent change that occurred in SRF ablated Dstn corn1 cornea was the reduction of cell layers of the corneal epithelium in comparison to that of the Dstn corn1/corn1 control mice ( Figure 2B ). Figure 4A bottom, B and C). Examination of the vasculature showed that SRF ablation also leads to the regression of angiogenesis ( Figure 5A and B). This result shows that the ablation of SRF in the corneal epithelium can reverse hyperproliferation, inflammation, and neovascularization caused by the Dstn corn1 mutation.
To further investigate the mechanism for the rescue from angiogenesis, we examined the expression of the soluble form of VEGF receptor 1 (FMS-like tyrosine kinase 1, sFLT1). Downregulation of this protein, which acts as a sequestration sink for VEGFA in the corneal epithelium, was found to be responsible for neovascularization in Dstn corn1 mice (AMBATI et al.
2006). Western blot analysis showed downregulation of two soluble forms of FLT1 in the
Dstn corn1/corn1 control cornea as compared to WT control ( Figure 5C ). This protein is detectable again in Dstn corn1/corn1 /Srf ∆ce/∆ce cornea after Dox induction at levels comparable to the WT control ( Figure 5C ), showing that the return of normal sFLT1 expression may be at least partially responsible for the rescue in the angiogenesis. Figure 6A ). Stress fibers disappear in Dstn corn1/corn1 /Srf ∆ce/∆ce cornea, and cell shape has been restored to resemble that of a WT control cell in the apical and basal layers ( Figure 6B ). To quantify the overall change in the levels of F-actin that occur in the cornea due to SRF signaling, we performed fractionation for F-actin and G-actin pools in cornea lysate. The F/G-actin ratio is significantly increased in Dstn corn1/corn1 control mice as compared to WT, and is decreased upon SRF ablation to the level similar to that in WT control mice ( Figure 6C) . The levels of G-actin between all samples are similar, while F-actin level fluctuates ( Figure 6C ). This result shows that SRF overexpression in Dstn corn1 mice influences the level of F-actin in the cornea, as was shown through immunofluorescence, rather than acting on the G-actin population. The cortical actin cytoskeleton in basal cells appears to be less populated with actin filaments in the Dstn corn1/corn1 /Srf ∆ce/∆ce rescued corneas as compared to WT ( Figure 6B ), which may indicate a role for SRF in regulating a subpopulation of the actin filaments found at cell borders in normal cornea. Interestingly, the F-actin localization pattern and cell-cell contacts appear normal in Dstn corn1/corn1 /Srf ∆ce/∆ce cornea as compared to WT control, demonstrating that SRF is not essential for these processes in corneal epithelium in contrast to its essential roles in other epithelia such as the epidermis (KOEGEL et al. 2009; VERDONI et al. 2010) .
Increased SRF expression is responsible for F-actin accumulation in
Ablation of Srf restores normal epithelial differentiation in Dstn corn1 cornea: In the normal cornea, differentiated corneal epithelial cells express keratin 12 (Krt12) (LIU et al. 1993; WU et al. 1994) , and populate almost the entire corneal epithelium with the exception of basal cells in the limbal (peripheral) epithelium (LIU et al. 1993) . This widespread KRT12 expression was found to be affected in Dstn corn1 mice in a previous study (ZHANG et al. 2008) LIU et al. 1993) .
DISCUSSION
In this study, SRF activation was shown to be responsible for the maintenance of cell hyperproliferation, inflammation, angiogenesis, and F-actin accumulation in Dstn corn1 mice. A wide array of pathological conditions show a hyperproliferative phenotype that accompanies inflammation and angiogenesis to promote disease progression. Therefore, the data presented that abnormal SRF activation is the primary mediator of all of these abnormalities in the Dstn corn1 cornea is of extreme clinical significance. SRF is known to be involved in the pathogenesis of various forms of cancer, which demonstrate its potential as a disease-causing gene (BAI et al. 2009; CHOI et al. 2009; EISENMANN et al. 2009; MEDJKANE et al. 2009; PARK et al. 2007; YAMAGUCHI et al. 2009 ). Most studies demonstrate a link between SRF and the migratory and invasive potential of cancer cells, while a role for SRF in the hyperproliferative phenotype has been shown in some cases. This is the only study showing that abnormal SRF expression can result in the induction of cell hyperproliferation, inflammation, as well as angiogenesis and is the first to define a role for SRF in the development of corneal disease.
How SRF upregulation may lead to Dstn corn1 corneal abnormalities: SRF activation is likely to cause hyperproliferation, one of the downstream phenotypic changes in the Dstn corn1 cornea, in a cell autonomous manner. SRF and its target genes have been implicated in promoting cell proliferation (GAUTHIER-ROUVIERE et al. 1991; LYULCHEVA et al. 2008; YAMAGUCHI et al. 2009 ) as well as F-actin accumulation (CHAI et al. 2004a) . Known targets of SRF that are involved with cell proliferation are upregulated in Dstn corn1 cornea (VERDONI et al. 2008a) , and therefore could be influencing hyperproliferation. It is also a possibility that SRF affects cell proliferation through changes in signaling that occur due to F-actin accumulation.
The filamentous actin cytoskeleton shows stress fiber formation in cancer cells (BARKAN et al. 2008; GUAN et al. 2008; REN et al. 2008) , which can serve as a signal to promote proliferation (BARKAN et al. 2008; GRAY et al. 2008) . Further investigation is necessary to determine contributing roles for upregulated SRF target genes or the F-actin accumulation in the hyperproliferative phenotype in Dstn corn1 cornea.
Since ablation of SRF, which was achieved specifically in the epithelium, lead to the regression of vascular growth and reduction of inflammation, the effect of SRF on these phenotypes is not cell autonomous. One possibility is that SRF acts as a distant growth signal rather than its previously known effect to act within endothelial cells to promote vascular outgrowth (CHAI et al. 2004b; FRANCO and LI 2009; FRANCO et al. 2008) . The mechanism underlying the vascular growth likely involves the regulation of soluble FLT1 (sFLT1) expression in the corneal epithelium. sFLT1 has been shown to be a general regulator of corneal avascularity (AMBATI et al. 2006) , in addition to its role as a suppressor of angiogenesis in tumors (HU et al. 2008; LIU et al. 2007; RAMACHANDRA et al. 2009; ZHANG et al. 2005) . Our finding that SRF overexpression leads to downregulation of such a critical molecule for the maintenance of avascularity may be of extreme clinical significance and could explain why cancers associated with increases in SRF are highly tumorigenic and have significant rates of metastases (CHOI et al. 2009; GENIN et al. 2008; MEDJKANE et al. 2009; PARK et al. 2007 ).
Another possibility remains that the ablation of Srf in the corneal epithelium results in signaling changes that lead to the repression of vascular outgrowth. Further experimentation is necessary to discern the two possibilities. Figure 6C ). However, we cannot rule out the possibility that SRF is activated due to G-actin depletion specifically in the nucleus, which would be difficult to detect with previous experiments performed. Since all members of the ADF/Cofilin family contain a nuclear localization signal and DSTN binds actin, there is a possibility that it acts to shuttle monomeric actin to the nucleus where it normally functions to inhibit the SRF coactivator MAL through binding and sequestration (VARTIAINEN et al. 2007 ).
Genetic interaction between
An actin shuttling function for the ADF/Cofilin family of proteins has been postulated (BAMBURG and WIGGAN 2002) and should be a matter of future study.
Another area where DSTN and SRF may interact to lead to the corneal abnormalities is the F-actin accumulation in the epithelial cells. DSTN shows the strongest depolymerization activity out of all ADF/Cofilin family member proteins (YEOH et al. 2002) , making it a likely candidate that a loss of DSTN function would contribute to the F-actin accumulation. However, when SRF is ablated the filamentous actin accumulation is significantly decreased, Immunoblotting showed that SRF activation affects the filamentous, but not globular actin level. 
